Amiton (O,O-diethyl-S-[2-(diethylamino)ethyl] phosphorothiolate), otherwise known as VG, is listed in Schedule 2 of the Chemical Weapons Convention (CWC) and has a structure closely related to VX (O-ethyl-S-(2-diisopropylamino)ethyl methylphosphonothiolate). Fragmentation of protonated VG in the gas phase was performed using an electrospray ionisation ion trap mass spectrometer (ESI-ITMS) and revealed several characteristic product ions. Quantum chemical calculations provide the most probable structures for these ions as well as the likely unimolecular mechanisms by which they are formed. The decomposition pathways predicted by computation are consistent with deuterium labeling studies. The combination of experimental and theoretical data suggests that the fragmentation pathways of VG and analogous organophosphorus nerve agents, such as VX and Russian VX, are predictable and as such ESI tandem mass spectrometry is a powerful tool for the verification of unknown compounds listed in the CWC. 
INTRODUCTION

Amiton (O,O-diethyl-S-[2-(diethylamino)ethyl] phosphorothiolate), otherwise known
as VG, is listed in Schedule 2 of the Chemical Weapons Convention (CWC) and has a structure closely related to VX (O-ethyl-S-(2-diisopropylamino)ethyl methylphosphonothiolate) (see Figure 1 ).
1
VG was developed in the 1950's as a potential insecticide but after a limited distribution was found to be far too toxic for domestic use and therefore was not produced commercially. 2 VG has a similar toxicity to tabun and equivalent physical properties to VX and as such there is interest in its production and stockpiling among chemical warfare proliferators.
1,3
Several previous studies directed toward the detection of VG in various environmental matrices have used predominantly gas chromatography/mass spectrometry (GC/MS).
While the characterization of VG degradation products has utilized a broad range of techniques including; mass spectrometry, 4 31 P nuclear magnetic resonance (NMR), 5 ion-selective electrodes, 6 colormetric and fluorescence assays. 7, 8 Figure 1
In general, liquid chromatography/mass spectrometry (LC/MS) techniques are now routine in the analysis and identification of chemical warfare agents (CWAs), and related compounds, in the verification of the CWC. Several LC/MS techniques have been published for the analysis and identification CWA related compounds. These include the detection of CWA agents, precursors and degradation products within various matrices using both electrospray ionisation (ESI) [9] [10] [11] [12] and atmospheric pressure chemical ionisation (APCI).
13-16
More than simply detection however, when dealing with the analysis of CWAs, it is critical to rapidly identify structural variations of respectively and correspond to neutral loss of the dialkyl amine in each case (Scheme 1B). Therefore, the two fragmentation pathways outlined in Scheme 1 suggest that ESI-MS/MS provides a simple method for differentiating VX and RVX and perhaps for the structural characterization of other related CWAs. To this point, no tandem mass spectrometric studies of structurally related VG have been found in the open literature and furthermore, the structure of the ions formed during the extrusion of the neutral amine (Scheme 1B) have not been unambiguously determined.
In the present study we characterize the fragmentation of protonated VG using positive ion ESI tandem mass spectrometry in a quadrupole ion trap instrument and compare its fragmentation behaviour to both VX and RVX. Furthermore, we present hybrid density functional calculations that compare the relative stability of product ions formed in the fragmentation pathways and additionally calculate and compare the activation barriers of the major fragmentation pathways to confirm the product ion structures. These data provide an understanding of the mechanisms by which organophosphorus CWA fragments in an effort to assist the identification of unknown agents for verification of the CWC.
METHODS
Mass Spectrometry
VG was synthesized in-house to a purity of greater that 95% (N.B. the synthetic method is not provided in this manuscript for security reasons). resolution at the lower end of the calibrated range was at least 45 000, with the range at the higher end being at least 16 000. In this paper, all masses are reported as nominal masses for the ease of discussion and where accurate masses were used to confirm the molecular formula; the formula is written next to the mass or structure.
Electronic Structure Calculations
Geometry optimizations were carried out with the B3LYP method 20, 21 using the 6-311G(d,p) basis set within the GAUSSIAN03 suite of programs which specifies tight convergence criteria by default (SCF=TIGHT) for this approach. 22 All stationary points on the potential energy surface were characterized as either minima (no imaginary frequencies) or transition states (one imaginary frequency) by calculation of the frequencies using analytical gradient procedures. Frequency calculations provided zero-point energies, which were used -without empirical scaling factors -to correct the calculated electronic energy. The minima connected by a given transition state were confirmed by inspection of the animated imaginary frequency using the MOLDEN package 23 and by intrinsic reaction coordinate calculation.
RESULTS and DISCUSSION
Mass Spectrometry
The tandem mass spectrum of the [VG+H] Table 1 ), using an FTMS and were found to be C From the low and high resolution ESI-MS/MS data the ion at m/z 100 could correspond to the isomeric cations in Scheme 2. These ions have also been previously observed from protonated RVX.
17,19
The corresponding CID spectrum of the These ions are also observed as minor secondary fragments in the CID spectrum of
+ (see inset expansion in Figure 2 and Table 1 for the high resolution data).
This decomposition is most likely from the O-ethyl side chains as the loss of alkyl groups as neutral olefins by elimination from phosphorothiolate compounds is well documented in cases where the O-alkyl substituents are ethyl groups or larger (Scheme 4). 10, 13, 16, 17, 25 Low resolution CID of m/z 197 (Table 1) 
Electronic Structure Calculations
Given the molecular size and the number of conformational degrees of freedom in the VG molecule, electronic structure calculations were carried out on the simplified model system shown in Figure 3 where the ethyl substituents are represented by hydrogen atoms. The effects of this simplification on the structure and energetics of stationary points on the potential energy surface are included in the discussion below. Geometry optimization of the model VG structure at the B3LYP/6-311G(d,p) level resulted in the location of several local minima but the lowest energy conformation is shown in Figure 4(a) . This minimum has a cyclic structure with a strong H-bonding interaction between nitrogen and one of the hydroxyl moieties on the phosphorous. for the model system. The proton affinity of VG is likely to be higher, however, as alkyl substitution of amines is known to significantly increase the stability of the ammonium cation and thus increase the proton affinity of the amine in the gas phase.
For example, the gas phase proton affinity of ammonia is 853.6 kJ mol Figure 5 . The energies of all significant stationary points are given in Table 2 . Figure 5 shows that while protonation on nitrogen is energetically favoured, proton transfer to oxygen or even sulphur are relatively low energy processes compared to dissociative reaction channels. As a consequence unimolecular rearrangements and dissociations stemming from each of these minima need to be considered.
Let us first consider reaction channels resulting in formation of C Lastly, it is significant to compare the computed energetics of the two major reaction pathways observed experimentally which produce ions at m/z 100 and 197.
The respective barriers for these processes, namely TS1 and TS2, are within 5 kJ a prediction at odds with the experimentally observed abundances of these two ions (see Figure 2 ). This discrepancy is due to the failure of the model system used for these calculations to consider the effect of the N-ethyl substituents present in VG.
While overall, the model system provides a good approximation for the chemistry of protonated VG, as previously discussed N-alkylation of amines increases the stability of nitrogen centred cations, which can have a significant impact when comparing these two product channels. This effect is simply corrected by re-calculating the relative energy of the two exit channels while including two ethyl groups on each nitrogen. These calculations show the N,N-diethyl aziridinium cation product channel is favoured ca. 10 kJ mol -1 over the competitive channel producing neutral diethyl amine (data provided in Table 2 Ion abundance is given as a percentage relative to the base peak in the spectrum. 
